Abstract. The coherent radiation emitted by electrons in high brightness beam-based experiments is important from the viewpoints of both radiation source development, and the understanding and diagnosing the basic physical processes important in beam manipulations at high intensity. While much theoretical work has been developed to aid in calculating aspects of this class of radiation, these methods do not often produce accurate information concerning the experimentally relevant aspects of the radiation. At UCLA, we are particularly interested in coherent synchrotron radiation and the related phenomena of coherent edge radiation, in the context of a fs-beam chicane compression experiment at the BNL ATF. To analyze this and related problems, we have developed a program that acts as an extension to the Liénard-Wiechert-based 3D simulation code TREDI, termed FieldEye. This program allows the evaluation of electromagnetic fields in the time and frequency domain in an arbitrary 2D detector planar area. We discuss here the implementation of the FieldEye code, and give examples of results relevant to the case of the ATF chicane compressor experiment.
INTRODUCTION
In modern, high brightness electron beam experiments, the generation of coherent electromagnetic radiation occurs as an intentional result -e.g. self-amplified spontaneous emission free-electron laser [1] , or coherent transition radiation (CTR) pulse length diagnosis [2] -or as an unintentional consequence -e.g. coherent synchrotron radiation (CSR) instability [3] . In either case, the correct theoretical understanding of the sometimes intricate experimental scenarios is necessary to successfully manipulate and diagnose high-brightness beams. Many relevant details of the EM radiation are demanded, and analytical models may not easily provide these. Thus much effort has gone into computational modeling of high brightness beam systems [4] .
For quasi-static velocity (space-charge) fields [5] , and for non-relativistic radiating systems, solution of the Maxwell equations on a computational grid is a favored approach, commonly employed in so-called particle-in-cell (PIC) simulation codes [4] . An important advantage for radiation problems is that one may straightforwardly include boundary conditions, which allows the evaluation of effects such as CSR shielding [6, 9] . Unfortunately, for very relativistic particles, the simultaneous modeling of velocity and acceleration (radiation) fields is quite challenging [9] using the PIC approach in threedimensions. In order to avoid such limitations, codes such as TREDI [7] and ATRAP [8] direct evaluate the Liénard-Wiechert fields of a collection of superparticles that represent the beam. For many cases of current interest, the lack of ability to introduce metallic boundaries is not a serious problem when calculating both velocity and acceleration fields using this approach, as beams are so short that the radiationwavelengths of interest are much smaller than the vacuum chamber dimensions. This approach does allow the rudimentary boundary condition needed for such problems as photocathode emission, and CTR.
In this paper, we describe the development of a simulation program which is also based on the Liénard-Wiechert (LW) formulation, termed FieldEye. It is specifically designed to extract the far-field radiation pattern associated with a beam whose dynamics have already been modeled in a separate program, where the time-history of the particles has already been deduced, and the LW formulation may be employed. The program also has the capability of giving the spatial and wavelength spectral information associated with the radiation fields. The example of the use of FieldEye in the context of a fairly subtle current experimental problem, the production of coherent edge radiation (CER) in the BNL ATF chicane compressor, is presented. Extensions of the code to further applications are also discussed.
EM FIELDS FOR A MOVING CHARGED PARTICLE
A charged particle in motion is known to produce electromagnetic fields which can be described using the Liénard-Wiechert formulation,
where β is the particle momentum and x the spatial distance between the particle itself and the observation point, stated x = Rn, at time t. To obtain the temporal profile as seen by the observer during the entire particle trajectory, retardation, due to the propagation over the distance R, must be taken in account. The generalization to the field produced by a multiparticle bunch is easily obtained from Eq. (1) by the vectorial sum of all the contributions (with proper retardation) at the detector point. Our ultimate goal of performing spectral analysis of the emitted radiation will be achieved by calculating the spectral power distribution, using numerical Fourier transformation of the resultant time-domain field data.
To introduce this process, we first write the power radiated per unit solid angle [5] ,
with the definition
Equation (2) can be used to give
the total energy radiated per unit solid angle, whereA(ω) represents the Fourier transform of A(t). The total energy per unit solid angle can alternatively be written as
Finally, noting the equivalence of the results in Eqs. (4) and (5) gives
COMPUTATIONAL APPROACH
The first computational step before applying (1) is to provide a numerical history of the three-dimensional trajectory of each particle in a beam propagating in a dynamic environment (such as an accelerator section) in terms of its position and momenta. Since our aim is not to write a beam dynamics simulation code, as there are already and properly optimizated working codes in existence, our basic approach to the problem is to post-process data from such a program. The chosen dynamics code we have based initial FieldEye development on is TREDI [7] , which shares its basic approach of calculating self-consistent fields through the Liénard-Wiechert formulation. Although any beam dynamics simulation program typically lets the user decide the time step, or distance step (measured with, e.g., the beam centroid or the design trajectory), between two consecutive writing of the beam phase space, this freedom implies that the numerical connection between the single particle trajectory to the field E(t) and to its Fourier transform its not trivial. We now discuss the subtleties of this problem. Let x i , β i ,t (ret),i j be the i-th position (referred to the detector) of the j-th particle, where
is the retarded time. Even if t i s were equal for all the particles, the relationship in Eq. (7) implies that the time sequence at the detector in the lab frame would not share this attribute. This means that fields from different particles cannot be summed together using a common time sequence. Even if the beam dynamics code were designed to provide particles positions at certain timesteps so that retarded time at the detector point would be equal, that would apply only for one detector point, eliminating the use of the summing algorithm for finite size detectors. Our goal of calculating the electromagnetic flux on a bidimensional grid representing such a detector is disallowed by this approach. An additional problem arising from time retardation is that the laboratory time differential between two events of isn't anymore costant, not allowing the Fourier transform of the temporal function of the field. The solution for both time-sequencing problems that we have implemented in FieldEye t i+1,j+1 (ret) (time) Figure 1 . Interpolation of the field from different particles is found in calculating the retarded field for each point provided by the beam dynamics simulation, and then interpolating (Fig.1 ) the field itself afterward; this approach has two main advantages:
1. the beam dynamics simulation can be run with dynamic timestep, i.e. depending on the acceleration experienced by the single particle in order to increase resolution in hot areas at no cost; 2. breaking the postprocessing in two steps, the first calculating the field from the supplied datapoints and the second performing the interpolation and Fourier analysis calculations, the same simulation can be reused for different time/frequency domain resolutions, reducing the total time needed.
APPLICATION OF FIELDEYE: EXAMPLES
The correctness of the complete simulating procedure has been tested against analytically solvable problems, such as single particle in a simple accelerating scenario. For example, in Fig.2 we show the spectrum of the radiation emitted by a 70MeV elec- tron traversing a constant magnetic field as seen by a detector on a direction tangential to the electron trajectory. The noise observed in the higher energy region of the spectrum is mostly due to the Fourier transform of segments (from the linear interpolation) in the interpolated TREDI pulse; this problem is currently being addressed by increasing resolution in the beam dynamics code and developing and testing more precise and specific problem-oriented interpolation algorithms. With the effort in developing FieldEye as a strong, scalable and performant bunch-emitted radiation analysis workbench concluded, we moved our interest to the real ATF-compressor structure. The compressing chicane in the BNL ATF experiment, a rendered three-dimensional image of which is shown in Fig.3 , is a symmetrically displaced array of 4 magnetic dipoles. Simulations of the emit- The spectra shown in Fig.5 are obtained by running FieldEye on two different subsets of the original TREDI-simulated bunch, with 1.5 · 10 3 and 5 · 10 3 superparticles, respectively. Transition from coherent to incoherent region of the spectrum can be seen around λ = 30µm, which is as expected, since in the region between the two magnet the electron bunch is roughly 100 f s long. In the shorter wavelength, incoherent region, the fact that one is dealing with a small number of superparticles means that the power radiated is both dependent on particle number, and strongly overestimated. The regular displacement of minima in the incoherent region suggests destructive inter- Figure 5 . Synchrotron radiation from a bunch traversing the first half of the chicane ference phenomena; as expected minima occur at wavelengths which are integer multiples of the distance between a particle and its own radiation emitted at the end of the first magnet, measured at at the beginning of the second magnet. We are currently working on deeper analysis of spectral features as source of information and diagnosis of the bunch structure and dynamics.
DISCUSSION
With the tools introduced in FieldEye, we now have the capabilities to easily study the detailed radiation spectra produced in a variety of experimental scenarios. In addition to synchrotron and edge radiation, we are considering investigations of coherent emission of undulator radiation, and of transition radiation. In the case of transition radiation, one my easily introduce boundary conditions by use of image charges. Certain aspects of Cerenkov radiation may be studied using these methods as well.
In the end, the information given by FieldEye may be considered a Monte Carlo modeling of the actual experiment under investigation. The interest in working on a physical scenario as close as possible to the real experiment suggested us the challenging aim of simulating an entire electron bunch, i.e. the order of magnitude of 10 9 particles. The strong modular approach adopted in the structure of the code as long as the particular nature of the problem being studied ease the distribution of the load over a wide cluster; besides that the huge dimension of the calculus requires strong aggressive, platform-dependent optimization. Solutions on clusters with several hundreds or more 64-bit processors are currently object of study.
